A low blood glucose level is associated with impairment of higher cerebral function and an increase in cerebral blood flow. This study examined whether there are differences in the physiological responses to hypoglycaemia between the cerebral hemispheres. Eight healthy men participated in two hyperinsulinaemic glucose clamp studies: after 60 min at 4.5 mmol/1, blood glucose was either lowered to 2.0 mmol/1 and "clamped" there for 60 min (hypoglycaemia) or continuously maintained at 4.5 mmol/1 (euglycaemia). Cardiac output, middle cerebral artery velocity (transcranial Doppler) and cerebral blood flow (133-xenon inhalation) were measured during the studies. Neuropsychological tests were used to determine whether hypoglycaemia caused differential impairment of hemispheric cognitive function. Hypoglycaemia was associated with symmetrical impairment of cognitive function in both cerebral hemispheres and a rise in cardiac output (from 5.5 [0.2] ml. 100 g 1. min 1, p < 0.005 compared to pre-insulin values). There were no differences in the blood flow response during hypoglycaemia between hemispheres and the increase in blood flow did not correlate with either the change in cardiac output or rise in plasma catecholamine levels. After 120 min of hyperinsulinaemic, euglycaemia, global cerebral blood flow rose significantly above baseline (from 58 [2.4] to 63 [2.2] ml. 100 g-1. min-l,p < 0.05). In conclusion, using the techniques described, the physiological and cognitive responses of each cerebral hemisphere to hypoglycaemia were symmetrical. Hyperinsulinaemia, independent of blood glucose level, may be associated with an increase in cerebral blood flow.
Summary.
A low blood glucose level is associated with impairment of higher cerebral function and an increase in cerebral blood flow. This study examined whether there are differences in the physiological responses to hypoglycaemia between the cerebral hemispheres. Eight healthy men participated in two hyperinsulinaemic glucose clamp studies: after 60 min at 4.5 mmol/1, blood glucose was either lowered to 2.0 mmol/1 and "clamped" there for 60 min (hypoglycaemia) or continuously maintained at 4.5 mmol/1 (euglycaemia). Cardiac output, middle cerebral artery velocity (transcranial Doppler) and cerebral blood flow (133-xenon inhalation) were measured during the studies. Neuropsychological tests were used to determine whether hypoglycaemia caused differential impairment of hemispheric cognitive function. Hypoglycaemia was associated with symmetrical impairment of cognitive function in both cerebral hemispheres and a rise in cardiac output (from 5. 5 [2.9] ml. 100 g 1. min 1, p < 0.005 compared to pre-insulin values). There were no differences in the blood flow response during hypoglycaemia between hemispheres and the increase in blood flow did not correlate with either the change in cardiac output or rise in plasma catecholamine levels. After 120 min of hyperinsulinaemic, euglycaemia, global cerebral blood flow rose significantly above baseline (from 58 [2.4] to 63 [2.2] ml. 100 g-1. min-l,p < 0.05). In conclusion, using the techniques described, the physiological and cognitive responses of each cerebral hemisphere to hypoglycaemia were symmetrical. Hyperinsulinaemia, independent of blood glucose level, may be associated with an increase in cerebral blood flow.
Key words: Hypoglycaemia, cerebral hemispheres, cognitive function, cerebral blood flow. The brain is almost totally dependent on a continuous supply of glucose from the peripheral circulation for normal function. As blood glucose levels fall below normal, tests of higher cerebral function deteriorate [1] [2] [3] and there is a concomitant rise in cerebral blood flow (CBF) [4] . Pathology studies suggest that not all areas of the central nervous system are equally vulnerable to the effects of a low blood glucose level [5] . Furthermore, focal transient neurological deficit, which is not obviously related to a structural abnormality, e. g. transient hemiplegia, may be associated with hypoglycaemia [6] . One possible explanation for these observations could be differential sensitivity of the blood flow responses within each cerebral hemisphere to hypoglycaemia.
The aim of this study was to investigate the effect of hypoglycaemia on blood flow between cerebral hemispheres. To determine whether the deterioration in cognition associated with hypoglycaemia "lateralizes" to one or the other side, a number of cognitive function tests were employed which may differentiate between higher function in each hemisphere. Only young men were recruited as cognitive function and hemispheric blood flow appear to be influenced by gender [7] and age [8] .
Subjects and methods
Eight healthy men (aged 22-38 years) gave written consent for the study which had been approved by the hospital ethics committee. Each participated in two studies performed in a random order on 2 separate days at least i week apart.
After an overnight fast, subjects were studied in the recumbent position in a quiet room. Under local anaesthetic a cannula was placed in an ante-cubital vein of the non-dominant arm and a second, retrograde cannula inserted in a dorsal hand vein of the same arm, with the hand placed in a heated (60~ box. Patency was maintained by a constant infusion of 150 retool/1 NaC1. After insertion of the cannulae, subjects rested supine for 20 rain after which baseline (pre-insulin) measurements were made of: Cardiac output by Doppler insonation of the ascending thoracic aorta (Quantascope; Siel Instruments, Bristol, UK) [9] .
Right middle cerebral artery velocity using a transcutaneous Doppler technique (EME, Transcan, Uberslingen, FRG) [10] .
Cerebral blood flow (CBF) measured using an inhalational 133-xenon clearance technique (Novo Cerebrograph 32 C; Novo Diagnostic Systems, Bagsvaerd, Denmark). CBF was calculated using the initial slope index and the results averaged to calculate hemispheric and global means [11] . End tidal pCO2 was recorded during all measurements of CBF [12] .
Blood pressure using an automated method (Accutor 1A; Datascope Corp, Newark, NJ, USA). Mean arterial pressure was calculated as diastolic blood pressure plus one-third of the difference between systolic and diastolic pressures.
Plasma catecholamine levels. Blood was taken from the heated hand vein, centrifuged at 4~ and 2000 x g for 10 rain and the plasma added to tubes containing 75 gl EGTA-glutathione. Samples were stored at -25~ for subsequent analysis by high performance liquid chromatography with electrochemical detection [13] .
Following completion of the baseline (pre-insulin) measurements outlined above, a hyperinsulinaemic (60 mU.m -2. min -1) glucose clamp technique [14] was used to maintain blood glucose at 4.5 mmol/1 for 60 min using a constant infusion of human Actrapid insulin (Novo Laboratories) and a variable infusion of 200 g. 1-1 dextrose (Fig. 1) . The dextrose infusion was adjusted according to bedside measurements of arterialised venous blood glucose taken at 5-min interval s on a Yellow Springs glucose analyzer (Yellow Springs Instrument Corp, Ydlow Springs, Ohio, USA). During the final 10-20 min of this euglycaemic period the cardiovascular measurements listed above were repeated. In addition, hemispheric cognitive function was assessed by the following methods:
Left dominant hemisphere 1. Semantic processing [15] assesses ability to utilize stored information (semantic memory). The time taken to mark 50 statements (e. g. canaries have wings or canaries have gills) true or false was recorded. Different statements were used each time the test was administered to the same subject.
2. Word association [16] is an oral fluency test in which the subject says in one minute as many words as he can think of beginning with a given letter. Three letters of progressively increasing difficulty are presented successively. The difficulty level for each letter is determined from the frequency of words beginning with that letter as found in standard dictionaries.
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3. Serial digit learning [t7] assesses the ability to memorize nine randomly selected digits within a maximum of 12 attempts. The subject listens to the number twice and then attempts to repeat it back, scoring two points for a correct repeat. Once the criterion of two consecutive correct repetitions is reached and the task is discontinued, two points are given for each remaining trial up to and including the 12th trial. The test score is the sum of the points obtained over 12 trials.
Right hemisphere
1. Face matching [18] . The face of a man or woman, without distinguishing marks, is presented to the subject (test face). Six faces which contain from one to three views of the face already seen are shown and the subject has to correctly identify the test face. The score is based on the number of correct identifications. The time taken to complete the task is also taken into account when assessing the score.
2. Unusual angles [19] . The subject has to identify common objects photographed from unusual angles. The score is dependent on the number of correct responses and time taken to complete the task.
3. Line orientation [20] . Subjects have to match a pair of lines of similar length, the angle between them varying by 15-180 degrees, with an array of control fines arranged in a semi-circle. The score is equal to the number of correct matchings. The time taken to complete the task is also recorded.
After assessment of cognitive function, by adjusting the glucose infusion rate, blood glucose was either lowered over 30 min to 2.0 mmol/1 and maintained there for i h (hypoglycaemic study) or clamped at 4.5 mmol/1 for a further 90 min (euglycaemic study). This was done in a random order. A final set of vascular measurements and cognitive function assessments were repeated during the final 10-20 min of hypoglycaemia and at the corresponding time during the euglycaemic study.
Statistical analysis
Statistical analyses were performed using standard two and one-way tests of analysis of variance (ANOVA) for normally distributed data and Kruskal-Wallis test for skewed data. Where ANOVA showed significant differences between studies, contrasts in group means were compared with paired t-test or Wilcoxon signed rank tests as appropriate. Comparisons between variables were made using Spearman Rank Correlation analyses.
Results
Coefficients of variation for blood glucose level achieved during each study were less than 6 % and the nadir blood glucose level during the hypoglycaemia study was 2.1 [0.1] mmol/1 (mean [standard error]). Insulin levels were similar in each study (144 [8.8] mU-t -1 during the euglycaemic study and 153 [31.8] mU. 1-1 during the hypoglycaemic study). When blood glucose was lowered to 2.0 mmol/1, all of the subjects developed characteristic symptoms (sweating, trembling, hunger and palpitations) and "felt hypoglycaemic".
Cardiovascular and cerebrovascular assessments
Cardiac output was similar at the start of both studies and did not change when blood glucose was "clamped" at 4.5 mmol/1 (Fig. 2) . When blood glucose was lowered to 2 mmol/1, cardiac output rose markedly (from 5. (Fig. 2) . In contrast to during euglycaemia, MCAV rose above baseline values when blood glucose was lowered to Mean arterial pressure did not change in either study (Fig.3) .
In both studies, values for global CBF were similar at baseline and did not change for the first 60 min (Fig. 3) . However, in the euglycaemic study, global CBF rose significantly after 150m in (from 58 [2.4] to 63.2 [2.2] ml. 100 g-l:min-i, p < 0.05) in the absence of a change in blood glucose levels. In the hypoglycaemic study, global CBF increased when blood glucose was lowered to 2.0 mmol/1 (from 56 [2.6] to 69 [2.9] ml. 100 g-1. min-1 p < 0.005), despite a fall in end-tidal pCO2 (Fig. 3) . The increase in global CBF during hypoglycaemia was greater than at the corresponding time during the euglycaemic study (p < 0.05). The changes in CBF were symmetical in both hemispheres (Fig. 4) .
Basal (pre-insulin) levels of plasma adrenaline (0. 
Cognitive function
The effects of continuous euglycaemia and hypoglycaemia on cognitive function tests are shown in Table 1 . During continuous euglycaemia, both left and right hemi- sphere tests of cognitive function remained unchanged from baseline throughout the study. In contrast, when blood glucose was lowered to 2.0 mmol/1, tests of left hemisphere function showed significant deterioration from baseline (p < 0.05) in semantic processing and word association but no change in serial digit learning. For the tests of right hemisphere cognition, actual scores for faces matching (45 [38, 50] at baseline (median [interquartile range]) vs 43 [35, 49] at the endof the hypoglycaemic period), unusual angles (7 [5, 8] vs 7 [5, 8] ) and line orientation (14 [12, 14] vs 14 [9, 14] ) were unchanged, but the time taken to complete the faces matching task was significantly prolonged during hypoglycaemia (p < 0.05).
Discussion
It has been recognized for more than 100 years that when areas of the brain are functionally activated, brain blood flow increases and different aspects of mental and intellectual activity lateralize to one or the other cerebral hemisphere [21, 22] . Hypoglycaemia is associated with an increase in CBF but a deterioration in cognitive function [1] [2] [3] [4] . The aim of this study was to determine whether the rise in blood flow or the impairment in cognitive function associated with a low blood glucose level "lateralize" to D. Kerr et al.: Cortical responses to hypoglycaemia one or the other cerebral hemisphere. We found that cognitive function deteriorated similarly in both hemispheres, accompanied by a bilateral and symmetrical increase in CBF, as blood glucose levels were lowered.
During moderate hypoglycaemia the increase in CBF involves both beta-adrenergic and non-beta-adrenergic mechanisms [23] without a change in cerebral autoregulation [24] . In this study the change in CBF was not correlated with the increase in cardiac output or levels of adrenaline and noradrenaline and there was no change in mean arterial blood pressure. The rise in CBF occurred in the presence of a fall in end-tidal pCO2 which normally attenuates the CBF response to a given stimulus [25] . Furthermore the magnitude of the CBF response to hypoglycaemia was significantly greater than the change in MCAV. The latter observation is not unexpected as velocity of flow is proportional to the square of vascular radius whereas, according to Poiseuille's equation, volume flow is proportional to the fourth power of the vascular radius [26] . The relationship between cardiac output and CBF is controversial. It has been suggested that increasing cardiac output in patients with cerebral ischaemia may be beneficial by increasing flow to the compromised area [27] . However Bouma and Muizelaar [28] found no correlation between cardiac output and CBF after multiple simultaneous measurements of both parameters in a group of patients with severe head injuries, irrespective of the state of cerebral autoregulation.
The increase in CBF in this study (23 % ) is similar to that reported by Nell et al. [4] in diabetic patients (17 % ) and healthy volunteers (21%) using the intravenous xenon-clearance technique. The symmetry of the blood flow responses in the present study does not explain the transient focal neurological deficit which can be associated with hypoglycaemia in diabetic patients [6] . It has been suggested that this phenomenon may be due to localised loss of autoregulation or vasospasm and occurs in patients who have no evidence of a structural or vascular lesion [29] . It should be emphasized that we studied healthy volunteers. Patients with diabetes may have impairment of both cerebral autoregulation and reactivity of their cerebral blood vessels [30, 31] . Recently Grill et al. [32] compared regional rates of CBF in Type 1 (insulindependent) diabetic patients and healthy control subjects during biostater-controlled euglycaemia. They reported higher global CBF values in the diabetic patients, with marked differences bilaterally in motor areas of the frontal lobes including the primary sensory-motor cortex as well as subcortical structures such as putamen and pons. However they found no evidence to support a direct effect of insulin on brain glucose consumption as hyperinsulinaemia did not significantly alter arterio-venous differences for glucose or oxygen. In the present study, hyperinsulinaemia, during euglycaemia, was associated with an increase in CBF after 150 min. The delay in an insulin effect is consistent with the findings of Schwartz et al. [33] who examined the relationship between insulin levels in plasma and cerebrospinal fluid using hyperinsulinaemic glucose clamps in dogs. During sustained peripheral hyperinsulinaemia they reported that cerebrospinal fluid insulin levels did not alter during the first 60 min but thereafter rose in a dose-dependent fashion. Support for the concept of a direct effect of insulin on brain function comes from the recent observation that high insulin levels, independent of the prevailing blood glucose level, can attenuate the hormonal responses to and perception of hypoglycaemia in diabetic patients [34] . Alternatively insulin may indirectly increase CBF through activation of the sympathetic nervous system. Parts of the sympathetic nervous system might have been activated by hyperinsulinaemia [35, 36] , despite the lack of a significant increase in plasma noradrenaline in the present study [37] .
Mental activity is associated with an increase in CBF to both hemispheres [38] . Tasks involving language, verbal memory, speech, writing or arithmetic differentially increase flow to the dominant, usually left hemisphere, whilst tasks involving non-verbal skills such as facial recognition, visual memory and non-language environmental sounds lateralize to the non-dominant, usually right hemisphere [39] . In our study, during hypoglycaemia, cognitive assessment showed impairment of both hemispheres. However in the performance of right hemisphere tests, actual scores were not different from the results obtained during the euglycaemic study, but the time to complete the tests was significantly prolonged. It is possible that prolongation of answering time was due to inattention rather than a selective disturbance of the regions that are normally activated by the tests. In addition, the currently available tests of cognitive function may lack sufficient specificity and sensitivity to differentiate function in the two hemispheres. Laterality is relative, not absolute and does not correlate with invasive measures of cerebral asymmetry [40] . Furthermore, strategies that subjects adopt in neuropsychological assessments can alter performance i.e. repeated testing may not always produce the same result [40] .
In conclusion hypoglycaemia is associated with a rise in CBF and impairment in higher cerebral function which is symmetrical between cerebral hemispheres. However the rise in CBF is independent of a change in cardiac output or circulating levels of catecholamines but may be modified by peripheral hyperinsulinaemia. Increasing evidence suggests that brain function may be influenced by the prevailing peripheral insulin level.
